Hepatocellular carcinoma (HCC) is highly refractory to current therapeutics used in the clinic. DX-2647, a recombinant human antibody, potently neutralizes the action of insulin-like growth factor-II (IGF-II), a ligand for three cell-surface receptors (IGF-IR, insulin receptor A and B isoforms, and the cation-independent mannose-6-phosphate receptor) which is overexpressed in primary human HCC. DX-2647 impaired the growth of tumor xenografts of the HCC cell line, Hep3B; however, xenografts of the HCC cell line, HepG2, were largely unresponsive to DX-2647 treatment. Analysis of a number of aspects of the IGF signaling axis in both cell lines did not reveal any significant differences between the two. However, while DX-2647 abolished phospho (p)-IGF-IR, p-IR and p-AKT signaling in both cell lines, HepG2 showed high levels of p-STAT3, which was unaffected by DX-2647 treatment and was absent from the Hep3B cell line. The driver of p-STAT3 was found to be a secreted cytokine, and treatment of HepG2 cells with a pan-JAK kinase inhibitor resulted in a loss of p-STAT3. These findings implicate the activation of STAT3 as one pathway that may mediate resistance to IGF-II-targeted therapy in HCC.
Introduction
The requirement of a functional insulin-like growth factor (IGF) signaling axis for oncogenic transformation in a variety of cellular models [1] has acted as a significant catalyst for the development of therapeutic entities targeting this axis, in particular, the IGF-I receptor (IGF-IR), a cell-surface type I transmembrane tyrosine kinase that binds two functionally related polypeptide ligands, IGF-I and IGF-II. While the antitumor activity of IGF-IR-specific small molecule kinase inhibitors and neutralizing monoclonal antibodies had been demonstrated in human tumor xenograft models, the translation of these findings into successful clinical outcomes has been largely disappointing. Early promising results in phase I trials showing disease stabilization and occasional remission in a number of malignancies have not been supported by significant clinical benefit in phase III trials [2, 3] .
In humans, IGF-I and IGF-II appear to have overlapping roles in the promotion of both fetal and postnatal somatic growth and development, a conclusion consolidated through the clinicopathological profiles of patients who bear either homozygous deletions in the IGF-I gene [4] or inactivating mutations in the paternally expressed copy of the IGF-II gene [5] . This contrasts with the situation in mice, where IGF-II is viewed primarily as an embryonic growth factor [6] , with IGF-I, in concert with growth hormone (GH), playing the major role in the promotion of postnatal growth [7] . A complicating factor for the development of therapeutic entities targeting IGF signaling is the inherent redundancy that is a feature of this axis. Both IGF-I and IGF-II bind the IGF-IR with high affinity, activating a number of intracellular effector pathways [8] . In addition, IGF-II binds with high affinity to an alternatively spliced form of the insulin receptor (IR), IR-A, which is the dominant mitogenic isoform found in human cancers [9] . IGF-II also binds the mannose-6-phosphate receptor, a multifunctional protein that may play a role as a tumor suppressor [10] .
Loss of imprinting of the maternally inherited IGF-II allele, together with reactivation of developmentally regulated promoter elements and the accompanying increase of IGF-II mRNA expression and protein secretion, is a common feature of many childhood and adult cancers [11, 12] . Furthermore, stromal-derived IGF-II can facilitate tumor growth by both autocrine and paracrine pathways [13] , highlighting the potential of this growth factor as a therapeutic target. We have previously developed DX-2647, a human recombinant monoclonal antibody, as a monotherapy to inhibit the growth of tumor xenografts established using Hep3B cells, a human cell line derived from a hepatocellular carcinoma (HCC [14] ). The results are consistent with a number of studies linking deregulated expression of IGF-II with HCC. For example, 15% of patient HCC tissue samples were found to have high levels of IGF-II mRNA expression (N20-2000-fold), together with hypomethylation/transcriptional reactivation of fetal promoter elements, and elevated expression of IR-A [15] . To date, there remains a major unmet need for therapeutic options for the treatment of HCC. In the present study, we have undertaken a detailed analysis of the IGF axis in two well-characterized human HCC cell lines that respond quite differently to the effects of an IGF-II neutralizing antibody when grown as tumor xenografts.
Methods and Materials

Cell Lines
The human HCC cell lines Hep3B and HepG2 were acquired from ATCC-verified stocks at the Victorian Infectious Diseases Reference Laboratories (Melbourne, Australia) and cultured in DMEM containing 10% fetal bovine serum (FBS) and 2.5 mM GlutaMAX (Life Technologies, Carlsbad, CA).
Antibodies and Reagents
The human anti-IGF-II monoclonal antibody (mAb), DX-2647 [14] , mouse anti-IR mAb 83-7 [16] , and mouse anti-IGF-IR mAb 24-31 [17] were produced in-house at the CSIRO Protein Production Facility. The mouse anti-pan AKT mAb 40D4, rabbit anti-AKT Ser473 mAb D9E, rabbit anti-phospho-ERK1/2 mAb D13.14.4E, mouse anti-ERK1/2 mAb L34F12, rabbit anti-STAT3 mAb 79D7, and mouse anti-STAT3 Tyr705 mAb 3E2 were purchased from Cell Signaling Technology (Danvers, MA). The mouse anti-IR mAb, rabbit anti-IGF-IR polyclonal antibody, monoclonal and polyclonal antibodies against IGFBP-1 to 6, mouse anti-phosphotyrosine mAb pY99, and Protein A/G conjugated to agarose beads were purchased from Santa Cruz Biotechnologies (Santa Cruz, CA). The mouse anti-IGF-II mAb S1F2 was purchased from EMD Millipore (Billerica, MA). Human recombinant IGF-II was purchased from GroPep (Adelaide, SA). The Human Phospho-RTK, Protease and Cytokine Array Kits were purchased from R & D Systems (Minneapolis, MN). The mouse anti-pan actin mAb ACT-05 and the CellTiter Glo cell viability assays were purchased from Thermo Scientific (Waltham, MA) and Promega (Madison, WI), respectively. Swainsonine, kifunensine, and the O-GalNac-transferase inhibitor benzyl 2-acetamido-2-deoxy-α-D-galactopyranoside (OGTi) were purchased from SigmaAldrich (St. Louis, MO). CYT-387 and dacomitinib were purchased from SelleckChem (Boston, MA).
Immunoprecipitation and Western Blotting
Cells were washed twice in ice-cold PBS after varying treatments, as indicated, and then lysed in TXC lysis buffer [1% (v/v) Triton X-100, 30 mM HEPES, 150 mM NaCl, 10 mM NaF, 2.5 mM activated Na3VO 4 and protease/phosphatase inhibitor cocktails (Thermo Scientific), pH 7.4] for 20 minutes at 4°C. After centrifugation at 21,000×g at 4°C for 20 minutes, the protein concentration of the supernatant was determined by bicinchoninic acid assay (Sigma Aldrich), and whole cell lysate (WCL) was subjected to immunoprecipitation (IP) and/or Western blotting. For the IP of IR, 5 μg/ml of the anti-IR antibody 83-7 was added to 400 μg total protein, while for the IP of IGF-IR, 5 μg/ml of the anti-IR antibody 24-31 was added to 400 μg protein. Both antibodies were incubated for 2 hours at 4°C with rotation before the addition of Protein A/G agarose beads overnight at 4°C with rotation. The immunoprecipitates were washed three times in excess TXC buffer and then boiled in 1× reducing LDS sample buffer. For Western blotting, WCL was prepared in either 1× reducing or nonreducing LDS sample buffer. All samples were separated on either 3%-8% Tris-Acetate SDS-PAGE gels or 4%-12% Bis-Tris SDS-PAGE gels, which were then equilibrated before the proteins were transferred to PVDF membranes using the iBlot Dry Blotting system (Life Technologies). Western blotting was performed as previously described [18] using the appropriate primary and secondary antibodies in accordance with the manufacturers' instructions.
Human Phosphorylated Receptor Tyrosine Kinase (RTK), Cytokine, and Protease Detection Arrays
Arrays were performed as per manufacturer's instruction using serum starved cells or supernatants treated with vehicle or 20 μg/ml DX-2647 for 48 hours. 
Secreted IGF-II and Bioavailable IGF-II Detection Assay
Cells were plated at 5 million per T175 flask overnight. The next day, cells were washed and treated with vehicle, 2 mM of the Oglycosyl-transferase inhibitor 1-benzyl 2-acetamido-2-deoxy-α-Dgalactopyranoside (OGTi), or 20 μg/ml DX-2647 for 48 hours in SF-BSA. Supernatants were harvested, centrifuged to remove any cells, and concentrated 60× using 15 ml centrifugal concentrators with a 3 kDa molecular weight cutoff (Millipore). For secreted IGF-II analysis, the concentrated supernatants were subjected to 4%-16% Tricine SDS-PAGE and blotted for IGF-II. For bioavailability tests, the vehicle controls were subjected to IP using either 10 μg/ml of human IgG control (Life Technologies) or DX-2647 for 2 hours at 4°C before addition of Protein A/G agarose beads and overnight incubation at 4°C. IP was washed and analyzed as above for the presence of bioavailable IGF-II which was bound exclusively by DX-2647.
Xenograft Experiments
All experiments were preapproved by the Monash University Animal Ethics Committee. Briefly, 2 × 10 6 Hep3B or HepG2 cells suspended in a 50:50 mix of cell media and Matrigel were injected into both flanks of female BALB/c nu/nu mice. Once tumors reached an average of 80 mm 3 , mice were randomly assigned to treatment groups (n = 6 per group) and treated with PBS vehicle or 1 mg/kg of DX-2647 twice weekly for 32 days. Tumor volumes were measured as previously described (REF).
Statistics
For measurement of differences in tumor growth after treatments, a Student's t test was employed. All tests were conducted using the GraphPad Prism 6 software. A P b .05 value was considered significant.
Results
Response of Human HCC HepG2 Cells to DX-2647 Therapy In Vivo
Our previous in vitro data had shown that both human HCC cell lines, Hep3B and HepG2, were highly susceptible to treatment with DX-2647, a human recombinant monoclonal antibody that binds IGF-II with~20 pM K D [14] . To determine if the in vitro susceptibility of HepG2 cells to DX-2647 treatment could be recapitulated in vivo, we conducted animal trials comparing the response of Hep3B and HepG2 tumors to DX-2647 therapy (Figure 1) . 
Secretion of Bioavailable "Big" IGF-II by Hep3B and HepG2 Cells
We used flow cytometry to determine if there were any differences between the cell lines in cell-surface receptor expression of IR and IGF1R, and analyzed receptor glycosylation to see if there were differences in receptor modification. These data show that the IR and IGF-IR were expressed at similar levels (Supplementary Figure 1A) but that both receptors were underglycosylated in the Hep3B cell line compared to HepG2 (Supplementary Figure 1B) .
Previous studies had shown the upregulation of receptor tyrosine kinases (RTK) such as HER3 in response to IGF-IR inhibition [19] . We checked for this by testing vehicle-or DX-2647-treated lysates on activated RTK arrays (Figure 2A ). Both cell lines showed basal activation of IR, IGF-IR, and HER3. Upon DX-2647 treatment, IR and IGF-IR activation was completely abolished in both cell lines. Both cell lines upregulated activated HER3 in response to DX-2647 treatment.
Western blotting of concentrated samples of conditioned SF medium revealed that Hep3B cells secreted mostly mature IGF-II and a small amount of "big" IGF-II ( Figure 2B ). HepG2 cells secreted both "big" IGF-II and pro-IGF-II, with a small amount of mature IGF-II. In both cell lines, the big and pro-IGF-II forms were O-glycosylated, as treatment with an O-glycosyltransferase inhibitor resulted in a decrease in molecular weight of these species ( Figure 2B ). We then analyzed the concentrated supernatants from both cell lines, grown under normal and hypoxic conditions, for the presence of secreted insulin-like growth factor binding proteins (IGFBPs) ( Figure 2C) ; of the six IGFBPs assayed for, only IGFBP-3 was secreted by Hep3B cells, while low amounts of IGFBP-1 and IGFBP-4 were produced by HepG2 cells. There was no difference in the level of secreted IGFBPs following cell growth under hypoxic conditions. To assess the bioavailability of the various IGF-II isoforms, we immunoprecipitated IGF-II from culture supernatants using DX-2647, which only binds uncomplexed (free) IGF-II [14] . Typically, the higher-molecular weight "big" and pro-IGF-II species in both cell lines were the major bioavailable species ( Figure 2D) . Surprisingly, despite the detectable amounts of IGFBP in each cell line ( Figure 2C ), a proportion of bioavailable IGF-II in each cell line was mature IGF-II. Western blotting had indicated that the detected IGFBPs were intact. Analysis of a panel of proteases secreted by each cell line, which can release IGF-II from IGFBP complexes by degradation of IGFBPs [20] , demonstrated no significant difference in the species of proteases secreted by each cell line ( Supplementary  Figure 2) , suggesting that differences in IGFBP cleavage were not responsible for IGF-II bioavailability. Collectively, these data suggest show that both cell lines secrete multiple, bioavailable IGF-II species despite the presence of IGFBPs.
DX-2647 Neutralizes p-IR, p-IGF-IR, and p-AKT in Hep3B and HepG2 cells But Fails to Inhibit p-STAT3 Which is Present in HepG2 Only
We next looked to several major intracellular signaling pathways in an attempt to identify differences that might underpin the differential response to antibody therapy observed in vivo between the two cell lines. Western blotting of immunoprecipitates from whole cell lysates confirmed that DX-2647 treatment abolished the activation of not only receptor homodimers but also heterodimers of IR and IGF-IR ( Figure 3A) , indicating that the autocrine activation of both receptors in the two HCC cell lines results from the secretion of IGF-II, consistent with results from earlier studies [21] and, in the case of HepG2 cells, possibly IGF-I [22] . Basal levels of p-AKT were higher in Hep3B compared to HepG2; however, DX-2647 potently inhibited p-AKT signaling in both cell lines ( Figure 3B ). Low basal levels of p-ERK1/2 were present in both cell lines and were not inhibited by DX-2647 ( Figure 3B ). The most obvious difference between the two cell lines was in relation to (activated) p-STAT3. In HepG2 cells grown under SF conditions, a strong p-STAT3 signal was observed ( Figure 3B ); in contrast, no corresponding signal was seen in Hep3B cells. Crucially, p-STAT3 was unaffected by treatment with DX-2647. These data suggest that DX-2647 neutralizes the p-IR/p-IGF-IR/p-AKT signaling pathway and that the differences in in vivo response observed between cell lines may be linked to the presence of an IR/IGF-IR-independent activation of STAT3.
Active STAT3 in HepG2 Cells is Driven Largely by a Soluble Factor
To establish if the activation of STAT3 in HepG2 cells was in response to a non-IGF autocrine factor, we generated 48-hour conditioned supernatants from Hep3B and HepG2 cell cultures and conducted transfer experiments on the Hep3B cell line to see if HepG2 supernatants could trigger p-STAT3 signaling. Indeed, the addition of HepG2 supernatants to Hep3B cells resulted in the activation of Stat3 ( Figure 4A ) but not when Hep3B-conditioned supernatants were added back to Hep3B cells. This confirmed that at least one component contributing to the appearance of p-STAT3 in HepG2 was a secreted factor.
As our RTK arrays showed no distinct differences between the two cell lines in terms of activated RTK profiles, we concluded that a growth factor was not responsible for driving p-STAT3 in HepG2. Hence, we focused on identifying if the factor was a cytokine or interferon by analyzing conditioned supernatants from each cell line using a human cytokine array ( Figure 4B ). The data from these arrays ruled out interferon gamma (IFN-γ) as a source of p-STAT3 signaling as its signal was not detected on arrays exposed to the supernatants. Additionally, several other factors which classically induce p-STAT3, such as IL-6, IL-11, IL-21, LIF, and MIF, were undetected, demonstrating that the factor was not part of the broader interleukin family ( Figure 4B) . However, the IL-1 receptor antagonist, the induction of which can be driven by a number of cytokines as well as a number of IFNs, was present in HepG2 but not Hep3B supernatants ( Figure 4B, arrows) . Treatment with DX-2647 in HepG2 did not alter the global cytokine secretion profile, in contrast to Hep3B which showed a marked reduction in global cytokine output after treatment with DX-2647 ( Figure 4B ).
Active STAT3 Can Be Eliminated by JAK Inhibition in HepG2 Cells
We identified another gp130 cytokine family member, oncostatin-M, as a strong candidate for induction of the p-STAT3 signal observed in HepG2, as Western analyses of conditioned, concentrated supernatants confirmed that oncostatin-M was secreted by HepG2 cells but not by Hep3B cells (Figure 5A ). However, treatment of HepG2 cells with two separate oncostatin-M neutralizing antibodies ( Figure 5 , B and C) failed to prevent STAT3 activation in HepG2 cells. The JAK family of tyrosine kinases plays a key role in the cytokine-mediated activation of the STAT transcription factor protein family. We tested the JAK inhibitor CYT-387 [23] alone and in combination with DX-2647 in HepG2 cells and studied downstream signaling pathways ( Figure 5D ). JAK inhibition strongly reduced p-STAT3 in this cell line, demonstrating that activated STAT3 was JAK-dependent. Treatment with dacomitinib, a pan-HER family antagonist [24] , had no effect on p-STAT3 levels ( Figure 5D ). The combination of CYT-387 and DX-2647 resulted in the inhibition of p-AKT and p-STAT3.
Discussion
The central role played by the autocrine production IGF-II for the growth of Hep3B tumors was originally demonstrated using antisense oligonucleotides and Hep3B orthografts [25] . The sensitivity of Hep3B tumor xenografts to treatment with a dual IG-I/IGF-IIneutralizing mAb has recently been reported elsewhere [15] , supporting our earlier findings [14] and those presented in this paper using DX-2647. On the other hand, while DX-2647 effectively ablated the autocrine activation of the IGF-IR/IR axis in HepG2 cells in vitro, the growth of HepG2 tumor xenografts was not significantly affected by DX-2647 treatment, indicating that the in vivo resistance to DX-2647 is driven by IGF-II-independent signaling.
A key difference between the two cell lines was, under serum-free conditions, the high levels of constitutively active STAT3 in HepG2 cells which were absent in Hep3B cells. The presence of constitutively active STAT3 (p-STAT3) has been observed in 60% of human HCC and is associated with an aggressive phenotype [26] . The activation of STAT3 was largely dependent on Janus-activated kinase(s) (JAKs), as p-STAT3 was inhibited by CYT-387, a potent inhibitor of JAK1 and JAK2 [23] , but unaffected by either DX-2647 or dacomitinib, a pan-HER family antagonist [24] , ruling out a role for the active EGFR and HER3 observed in our experiments. Cell culture transfer experiments indicated that a soluble factor was, in part, mediating STAT3 activation. Furthermore, at the concentration of DX-2647 used (20 μg/ml i.e. N100 nM), we were able to achieve complete neutralization of IGF-IR/ IR activation and phosphorylation of AKT, ruling out HepG2-derived, autocrine IGF-I [22] as the STAT3-activating agent, as well as IGF-II. The soluble nature of the factor and the key role played by JAK implicated a member of the gp130 superfamily of cytokines; however, our attempts to identify this unique protein have been unsuccessful despite multiple avenues of interrogation. Figitumumab, a humanized anti-IGF-IR antibody that blocks IGF binding [26] , has been shown to inhibit p-STAT3 in HepG2 cells and, like DX-2647, p-AKT [27] , but a key difference with our study was their use of 10% serum-containing culture medium. Regardless, tumors xenografts derived from HepG2 have been shown to be potently inhibited by figitumumab [27] , possibly by disrupting a ligand-independent IGF-IR-mediated transactivation of a yet unidentified cell surface receptor which may continue to sustain p-STAT3 after loss of IGF ligand activity. The response of Hep3B xenografts to figitumumab treatment has, to our knowledge, not been reported. The bioavailability and biological activity of the IGFs are largely regulated by interaction with IGFBPs [28] . Both Hep3B and HepG2 cells secreted a variety of IGF-II isoforms, including partially processed ("big") and mature IGF-II; while mature IGF-II was the dominant isoform produced by Hep3B cells, so-called big IGF-II was the main isoform produced by HepG2 cells. Both cells lines secreted members of the IGFBP family, with appreciable levels of IGFBP-3 being detected in culture supernatants from Hep3B cells ( Figure 2C ). Low levels of IGFBP-1 and -4 were secreted by HepG2 cells, as previously reported [29] , although we were unable to reproduce the reported hypoxia-induced secretion of IGFBP-2 in these cells. We established that the majority of the partially-processed isoforms secreted by both Hep3B and HepG2 cells were not complexed with IGFBPs. This was a particularly interesting result in the case of Hep3B cells, where there appeared to be low levels of glycosylated IGF-II and an excess of IGFBP-3; we have previously reported that the glycosylated isoforms of IGF-II bind IGFBP3 and other IGFBPs with similar affinity to mature IGF-II [30] . While we have found that both cell lines secrete a variety of proteases ( Supplementary Figure 2) , we have seen no evidence that proteolytic degradation of IGFBPs may be a contributing mechanism facilitating the release of bound IGF-II [20] .This result implies that there may be other factors operating in the cellular microenvironment to promote the dissociation of glycosylated IGF-II from IGFBPs.
The activation of STAT3 and overexpression of IGF-II have been observed in a significant percentage of human HCC, although the number of tumors that exhibit both characteristics has not been established. As such, the interrelationship between the two pathways in the context of HCC remains unknown, in particular if the presence of activated STAT3 compromises the antitumor efficacy of anti-IGF-II therapy. What in turn drives the constitutive activation of STAT3 in many cases of HCC is largely unknown; our own studies in HepG2 cells point to an as yet unidentified secreted cytokine, but whether this is a common mechanism in HCC is unknown. A better understanding of the interplay between the STAT3 and IGF-II pathways may lead to more effective, biomarker-assisted therapeutic options for a disease where there is a major treatment need.
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